Objective: The present study was conducted to investigate the effects of helium-neon (He-Ne) laser irradiation on the proliferation, migration, and differentiation of cultured human epidermal stem cells (ESCs). Background data: A He-Ne laser with a wavelength of 632.8 nm is known to have photobiological effects, and is widely used for accelerating wound healing; however, the cellular mechanisms involved have not been completely understood. Methods: The ESCs were prepared from human foreskin, and irradiated by using He-Ne laser at 632.8 nm with 2 J/cm 2 . The ESC proliferation, migration, and differentiation were examined by using XTT assay, scratch assay, and flow cytometry technology, respectively. The phosphorylation of extracellular signalregulated kinases (ERK) was analyzed by using Western blotting. Results: He-Ne laser irradiation markedly promoted cell proliferation and migration accompanied by an increase in the phosphorylation of ERK, but did not significantly influence cell differentiation. Conclusion: Our data indicated that photostimulation with a HeNe laser resulted in a significant increase in human ESC proliferation and migration in vitro, which might contribute, at least partially, to accelerated wound re-epithelialization by low-level laser therapy.
Introduction
T he process of tissue healing is very complex and involves several biological effects, such as vascular and cell changes, epithelial proliferation, fibroblast proliferation, synthesis and deposition of collagen, production of elastin and proteoglycans, revascularization, and wound contraction. 1 The incorporation of the laser as a therapeutic tool in the biomedical field has been investigated since 1960. 2 It has been observed that laser photostimulation influences macrophage production of growth factors, which increases cell proliferation. [3] [4] [5] The effect of the laser on living tissue, known as laser photobiomodulation, has been increasingly used with the purpose of improving the quality of wound healing. 6 The therapeutic effects of the laser on the different biological types are broad, and include trophic-regenerative, antiinflammatory, and analgesic effects, 7 It has also been demonstrated that tissue regeneration becomes more effective when treated with a low-level laser. 8, 9 Additionally, it was reported that there are reports that laser irradiation stimulates the release of fibroblast growth factor (FGF) and the replication of these cells. 10 Irradiation with a Helium-Neon (HeNe) laser accelerated the healing process, with a better weave of collagen fibers and greater collagen deposition, combined with faster re-epithelialization and neovascularization. [11] [12] [13] [14] The re-epithelialization of the wound surface is a critical process in wound healing. The migration and proliferation of keratinocytes contribute to the re-epithelialization of the wound surface. With the current progress in stem cell research, epidermal stem cells (ESCs) have been found to reside in the basal layer of the epidermis, the bulge region of the hair follicle, and the germinal hair follicle matrix, and play an important role in not only self-renewal of the epidermis but also in wound closure. 15, 16 However, little is known about the effects of laser irradiation on the biological function of ESCs.
Therefore, in the present study, we employed the cultured ESCs prepared from human foreskin, and focused mainly on the effect of He-Ne laser irradiation at 632.8 nm on the proliferation, migration, and differentiation of ESCs. Our results demonstrated that He-Ne laser irradiation could promote ESC proliferation and migration accompanied by an increase in the phosphorylation of ERK, with no change in ESC differentiation, suggesting that the increase in ESC proliferation and migration might contribute to the accelerated the re-epithelialization of wound surface by He-Ne laser therapy.
Materials and Methods

Source of specimens
Foreskin tissue samples were obtained from plastic surgery performed for the circumcision of normal and healthy children. Informed consent was obtained from each individual and their parents, and the study was approved by the Medical and Ethical Committees of the First Affiliated Hospital of Jinan University.
Isolation and culture of human ESCs
Human ESCs were isolated from foreskins as described previously. 17, 18 Briefly, the epidermal layer of was obtained from foreskin tissue that had been disinfected, after an overnight incubation in 100 mg/L dispase (Roche, Germany) at 4°C. The epidermi were placed for 4 min in a sterile tube containing 0.25% trypsin and ethylenediaminetetraacetic acid (EDTA) with rapid stirring using a pipette, and dissociated into individual cells. The trypsin was inactivated by addition of 10% fetal bovine serum (Invitrogen) in Dulbecco's modified Eagle medium (DMEM), and the cells were centrifuged at 1000 rpm and resuspended in keratinocyte-serum-free medium (K-SFM, 17005-024, Gibco), which was supplemented with 0.25 ng/mL human recombinant epidermal growth factor (rEGF) and 25 lg/mL bovine pituitary extract (BPE). The cells obtained were allowed to adhere for 20 min at 37°C to culture dishes coated with the collagen IV substrates (Sigma). Spent media was exchanged with fresh complete K-SFM medium every 2 or 3 days. The monolayers were dissociated using 0.25% trypsin and EDTA in phosphate-buffered saline (PBS). Secondpassage ESCs were washed twice in PBS, resuspended in K-SFM, and seeded at 5 · 10 4 cells per well into 3.5 cm Petri dishes. The cells were used immediately for laser irradiation (described subsequently). After laser irradiation, the K-SFM in the culture plates was removed and replaced with fresh culture medium.
Immunofluorescence staining
Cultured cells at the second passage were fixed in 4% paraformaldehyde for immunofluorescent staining using the method described previously. 17 Slides were incubated with primary antibodies (mouse monoclonal anti-keratin 19 (K19) antibody (sc-51584) and mouse monoclonal anti-b 1 -integrin (sc-71388) (Santa Cruz Biotechnology, Santa Cruz, CA) at 4°C overnight, washed in PBS, followed by the addition of the secondary antibodies fluorescein (FITC)-conjugated goat anti-mouse immunoglobulins ( Jackson Immunoresearch, USA) for detecting K19, and Texas redconjugated rabbit anti-mouse immunoglobulin for detecting b 1 -integrin ( Jackson Immunoresearch, USA). The sections were extensively washed with 0.01 M PBS between incubations. The stained sections were mounted using a glycerol-based mounting medium (Permafluor; Shandon, Pittsburgh, PA) and stored in the refrigerator. As negative controls, the primary antibodies were omitted, whereas the secondary antibodies were included for the sections. Immunostaining was examined under an Olympus FV1000 confocal laser scanning microscope ( Japan).
He-Ne laser irradiation
A He-Ne laser was used at a wavelength of 632.8 nm and a terminal power output of 25 mW for irradiation. The terminal power output was measured using a laser power meter. The laser beam was delivered using an optical fiber, and irradiated a circular area of 1 cm 2 . Irradiation of the human ESCs was for 80 sec, and the total energy was 2 J/cm 2 .
Cell proliferation assay
Second passage ESCs were seeded in 200 lL of medium/ well in 96 well plates with 5000 cells/well at 37°C under 5% CO 2 . After randomization, the cells were treated with or without laser irradiation. Cell culture was continued under the same conditions. To detect the activity of ESC proliferation at 1, 3, 5, and 7 days, the cell enzyme-linked immunosorbent XTT Viability assay kit (Genmed, USA) was used according to the manufacturer's instructions. Finally, optical density was determined at 450 nm using an enzymelinked immunosorbent assay (ELISA) reader.
In vitro wound healing assay
To investigate the effect of He-Ne laser irradiation on the ESC migration, the scratch assay was performed. Cells were seeded in six-well plates at a density of 5 · 10 6 cells/mL. After 24 h, a scratch was made through each well using a sterile pipette tip as described previously. 19 Then, the cells were treated with or without laser irradiation. The scratches were investigated under the microscope (magnification · 100) immediately after irradiation and following cultivation in an incubator (37°C, 5% CO 2 ) for 15 h. Pictures were taken at each time point using a NikonDS-L2 camera (Nikon Instruments Inc. Japan). For data evaluation, wound closure rate was calculated using image analyzing software (NIH image) at the indicated time points. Experiments were performed in triplicate and repeated at least five times.
Flow cytometric analysis of the keratin-10 (K10) expression
Cultured cells at the second passage were processed for K10 staining together with the appropriate negative controls and single color positive controls to establish a compensation setting on for fluorescence-activated cell sorting. Cells were fixed and permeabilized simultaneously in 4% paraformldehyde and 0.3%TritonX-100 in PBS for 10 min at room temperature. Cells were incubated with primary antibody (mouse polyclonal anti-K10 antibody, Abcam ab9025) at 4°C overnight after blocking in 3 mL blocking buffer (10% donkey serum in PBS) for 30 min. Cells were washed twice with 1M PBS and incubated with isotype-specific secondary antibodies (donkey anti-mouse antibody, Invitrogen) for 1 h at room temperature. Finally, the cells were fixed and resuspended at 1 · 10 6 cells/L for flow cytometry analysis of expression. 20 
Western blot analysis
Total proteins were prepared from the cultured human ESCs, and Western blot was performed as previously described. 21 Immunoblotting was done using anti-extracellular signal-regulated kinase (ERK), anti-phospho-ERK (Santa Cruz Biotechnology, Santa Cruz, CA).
Data analysis
Values are expressed as mean -SEM in the text and figures. The data were analyzed using ANOVA. If a statistically significant effect was found, post-hoc analysis was performed to detect the difference between the groups. Values of p < 0.05 were considered to be statistically significant.
Results
Identification of the cultured ESCs derived from human skin
As shown in Fig. 1A , the isolated cells formed large clones at 7 days after the inoculation, and displayed the typical ESC morphology of small-sized cells with a high nuclear/cytoplasmic ratio. To confirm the undifferentiated state of the cultured human ESCs, we examined K19/b 1 -integrin expression in the cultured cells from each holoclone. The results from immunofluorescent double labeling showed that the cells were strongly stained for b1-integrin and K19 (Fig. 1B and C) , as the putative surface markers for ESCs, indicating that these cells could be ESCs.
Effect of He-Ne laser irradiation on the proliferation of human ESCs in vitro ESC proliferation is essential for achieving cutaneous wound re-epithelialization. To explore the effect of He-Ne laser irradiation on ESC proliferation, XTT assays were performed. As shown in Fig. 2 , treatment with He-Ne laser irradiation at 2 J/cm 2 markedly promoted the ESC proliferation from day 3 to day 7 after irradiation, when compared with the unirradiated group ( p < 0.05).
Effect of He-Ne laser irradiation on the migration of human ESCs in vitro
ESC migration plays an important role in epithelial regeneration during wound healing. Therefore, we investigated the effects of He-Ne irradiation on ESC migration and its ability to accelerate the closure of a ''wound'' that had been created by scratching through a cell monolayer. As shown in Fig. 3A and B, ESC migration was markedly accelerated in the He-Ne laser-treated group at the indicated time points when compared with the unirradiated group ( p < 0.05), which led to faster ''wound closure.''
Effect of He-Ne laser irradiation on the differentiation of human ESCs in vitro
ESCs, which give rise to differentiated keratinocytes, play an important role in wound healing and the maintenance of homeostasis in the epidermis. Therefore, we investigated the 
FIG. 2. Effects of He-Ne laser irradiation on the proliferation of cultured human epidermal stem cells (ESCs).
The cells (5000 cells/well) were treated with or without a single exposure to 2 J/cm 2 of 632.8 nm laser, and cell proliferation was assessed using the XTT assay as described in the Materials and Methods section. The quantitative data are presented as means -SEM of three independent experiments. Control versus treatment groups, *p < 0.05. effect of He-Ne irradiation on ESC differentiation. The cells were cultured for 5 days after He-Ne laser irradiation, and the number of K10-positive cells was examined as described in the Materials and Methods section, as K10 expression was presumed to identify the differentiation of ESCs into keratinocytes. As demonstrated in Fig. 4 , He-Ne laser irradiation did not significantly affect the number of K10-positive cells, suggesting that He-Ne irradiation did not influence ESC differentiation into keratinocytes.
Effect of He-Ne laser irradiation on the phosphorylation of ERK in cultured human ESCs
To further examine the possible signaling mechanism by which He-Ne laser irradiation effectively increased cell proliferation and migration in cultured human ESCs, we focused on ERK activity, because the ERK pathway is critical for cell growth and migration during wound repair. 22 As shown in Fig. 5 , treatment with He-Ne laser irradiation at 2 J/cm 2 markedly increased the phosphorylation of ERK in cultured human ESCs when compared with the unirradiated group ( p < 0.05).
Discussion
Non-healing ulcers represent a significant dermatological problem. Recently, conventional therapy-resistant chronic ulcers have been treated with low-energy lasers, which are recognized as an effective therapeutic method by the United States Food and Drug Administration (FDA), particularly to improve tissue healing. 23 This form of treatment has had great appeal because of its novelty, relative ease, and low morbidity profile. Despite its documented therapeutic effects, the regulatory mechanisms imparted by low-energy lasers have not been fully elucidated. In the present study, we demonstrated, for the first time, that He-Ne laser irradiation promoted ESC proliferation and migration. The enhancement of the capacity of ESCs for proliferation and migration by He-Ne laser irradiation might contribute at least partially to the explanation of the promotion of wound closure. Our data further support the beneficial role of lowenergy laser therapy in the acceleration of the wound repair processes in skin.
Laser irradiation is regarded to have an important effect in triggering cellular proliferation, differentiation, and apoptosis in various cell types. 24 The restoration of cutaneous barrier function by re-epithelialization following wounding is one of the essential events during the wound healing process. Cells participating in the re-epithelialization of wounds include basal and suprabasal keratinocytes lining the wound edge. Among the cells, ESCs are thought to be a main functional cell population, and contribute to wound closure through increased proliferation, migration, and differentiation. Growing evidence has indicated that He-Ne laser irradiation promotes epidermal regeneration possibly by influencing keratinocyte function. 25, 26 When subconfluent keratinocyte cultures were irradiated three times within 24 h with a He-Ne laser at 0, 0.8, 3, or 7.2 J/cm 2 , the capacity of keratinocyte migration was enhanced without any change in its differentiation state. 27 Yu et al. have reported that low-energy He-Ne laser irradiation stimulated interleukin-1a and interleukin-8 release from cultured human keratinocytes in a concentration-dependent manner, and induced an increase in the rate of keratinocyte migration and proliferation. 4 Furthermore, a recent study on the effect of He-Ne laser irradiation on the hair follicle growth cycle of testosterone-treated and untreated Swiss albino mice has showed that laser irradiation led to a significant increase in the percentage of anagen and enhanced the growth cycle of hair follicles, which harbor ESCs, indicating the possible role of He-Ne laser in ESC biological function. 28 Consistent with the findings in the cultured keratinocytes, our experimental data demonstrated the enhanced capacity of ESC proliferation and migration by He-Ne laser irradiation, which further supports the notion that He-Ne laser irradiation increases the capacity for epidermal regeneration during wound healing.
The He-Ne laser is a low-energy laser emitting radiation at the visible light spectrum. As the thermal effects associated with low-energy laser irradiation are extremely minute, the physiologic effects imparted by low-energy lasers were attributed to their direct biostimulation of exposed cells. [29] [30] [31] The cellular mechanisms associated with the stimulatory effects of the He-Ne laser have not been fully elucidated. One possibility may be that the laser energy is absorbed by intracellular chromophores and converted to metabolic energy. [31] [32] [33] It was shown that cellular adenosine triphosphate (ATP) levels increased almost twofold after He-Ne laser irradiation in cultured HeLa cells. 34 Examinations of the mechanisms of ATP production have led to the discovery of a correlation with reactive oxygen species (ROS) production and the currently predicted model of elevated chemiosmotic gradient as the primary effect of light stimulation. 35 Furthermore, the effects of the light-induced electrical field on molecular and cell structure provide a general explantation for the observed cellular light effect as reviewed by Amat et al. 36 In addition, the He-Ne laser was found to impart significant effects on cellular signal transduction pathways. 37 We observed that the increase of ESC proliferation and migration by laser irradiation was accompanied by the enhancement of ERK phosphorylation, suggesting that phototherapy induces ERK phosphorylation in ESCs. The further dissection of the molecular mechanisms involved in the biostimulatory effects of the He-Ne laser on ESCs might assist in initiating a new rational concept for the clinical treatment of non-healing wounds.
Conclusions
The present study has shown that He-Ne laser irradiation increased the capacity for ESC proliferation and migration accompanied by the enhancement of ERK phosphorylation, which might lead to the accelerated re-epithelialization of wounds during healing. Our results provide new evidence for beneficial role of He-Ne laser in wound repair.
